Abstract-High radiometric resolution imagery from the Advanced Land Imager (ALI) can detect the spatial reflectance variations associated with sastrugi (snow dunes) on ice sheets. This is shown, in theory, by considering the appropriate SNR ratio of ALI as compared with eight-bit optical sensors and, in practice, with mutlitemporal ALI imagery. Comparison of ALI imagery spanning 7.5 months also shows that the reflectance pattern associated with sastrugi can persist over this interval offering the potential of their use for measuring ice sheet velocity in uncrevassed regions.
I. INTRODUCTION

C
APTURING the detailed topography of ice sheets is a challenge for orbiting optical imagers. The bright surface and nearly flat topography makes the range of radiances in the field of view very small. Often much of this topographic detail is hidden from view, at or below the noise level of the imaging sensor.
Ultimately, the issue reduces to one of sensor performance, i.e., SNR. Numerous long-running series of satellite imagers confined radiance quantization to eight bits. Increased communication bandwidths with satellite remote sensors has opened the door for recent optical imagers to include finer radiometric resolution. Quantizing radiance over more than eight bits has allowed the exploration of details of ice sheets with satellite optical imagery. This paper illustrates that with the 12-bit quantization of the Advanced Land Imager (ALI), it is possible to detect the very subtle variations of surface reflectance associated with the presence of sastrugi (snow dunes) on the ice sheet surface. This is achievable even though the sastrugi individually are of a physical size too small to be resolved by the sensor.
It is also shown that the pattern resulting from sastrugi is unique enough that separate images of the same area can be correlated by this pattern. By also establishing that these sastrugi fields can persist over many months, the potential for measuring the surface velocity of the ice sheet by tracking the motion of sastrugi fields is identified. This capability would expand the uses of optical imagery for ice sheet research and afford glaciologists the ability to measure ice motion in regions that previously required ground occupation or interferometric radar techniques. 
II. DATA
Sastrugi are snow dunes formed by wind deposition and erosion of the ice sheet surface [1] . They are pervasive across the ice sheet where snow and wind are in ample supply. Their sculpted shapes are typically saw-toothed with the steeper eroded face on the upwind side and the longer tail pointing downwind. Dimensions of a single sastrugi are typically a meter to a few meters in the horizontal and a few tens of centimeters in the vertical, depending on wind strength, temperature, and snow hardness. Occasionally, much larger sastrugi have been noted, but they are believed to be rare or limited in regional extent.
An IKONOS image produced by Space Imaging was used as proxy ground truth in this study. Panchromatic data from this sensor are supplied to the user at 1-m pixel resolution with an 11-bit linear quantization of the full range of expected solar radiances over the 400-1000-nm spectral range of the band. With this spatial resolution, individual sastrugi can be identified. Fig. 1 is a 1-km subset of an IKONOS image showing a field of sastrugi. The prevailing wind direction, inferred from the general orientation of the long axes of sastrugi, is from the upper right to the lower left. The full 11 km 11 km IKONOS image (center coordinates: 81.08 S, 140.5 W) was collected of U.S. Government work not protected by U.S. copyright. ALI is a new design of optical imager and part of the National Aeronautics and Space Administration Earth New Millennium Program (http://eo1.gsfc.nasa.gov/). Carried onboard the Earth Observing 1 satellite, ALI's panchromatic band quantizes the full range of expected solar radiances over 12 bits between 480-690 nm, at a spatial resolution of 10 m. Data were collected in four groundtrack-parallel strips, each approximately 10 km wide. For this study, three images were used, each collected of the edge of the Bindschadler Ice Stream including a portion of the fast-moving ice stream and a larger portion of the slow-moving ridge south of the ice stream (Fig. 2) . Dates of the images are February 20, October 2, and October 18, 2001, and each was collected using a target location of 80.8 S, 145.6 W. Sun elevations and azimuths are 9.8 , 3.9 , and 9.9 above the horizon, respectively, and 96.4 , 90.1 , and 90.1 from north, respectively. While the sun azimuth changes little for images from the imager's sun-synchronous orbit, the sun elevation was changing rapidly in October. By coincidence, the February 20 and October 18 images were almost equidistant from the winter solstice and, thus, have nearly identical solar elevations.
The edge of the ice stream strikes diagonally across the upper part of each image in Fig. 2 . The heavily crevassed margin of the ice stream is above this boundary, while below the boundary the ice sheet is composed of a very slow moving ridge whose surface is covered with sastrugi. All three ALI images were cropped from wider data strips to capture their common area and avoid mosaicing adjacent data strips. Coregistration was based on a single set of unique features at the edge of the ice stream. No attempt was made to balance the enhancements of each image. Thin clouds appear in the lower portion of the February 20 image and possibly the October 2 image. On the October 18 image, the large area of lower reflectance on the ridge is neither cloud nor cloud shadow, but the result of a local wind event that smoothed the surface on the fine scale, creating a more specularly reflecting surface. This phenomenon occurs frequently on ice sheets and is seen in imagery because the data are often strongly enhanced. The change in reflectance typically is less than 1%.
III. ANALYSIS
A. Signal-to-Noise Effect
The IKONOS image ( Fig. 1 ) is used to illustrate why ALI can detect variable reflectance associated with sastrugi, whereas eight-bit sensors, such as the Landsat-7 Enhanced Thematic Mapper Plus (ETM+) cannot. A simulated ALI image is constructed by averaging the IKONOS data to pixels of 10-m dimension [ Fig. 3(a) ]. This image preserves the 11-bit radiometry of the IKONOS image, although, through the averaging, the half-width of the nearly ideally Gaussian histogram of Fig. 3(a) is reduced from 40 to 15 digital numbers (DNs). Only the largest surface features are still seen in Fig. 3(a) . The patterns of darker and brighter pixels in Fig. 3(a) originate from the pattern of sastrugi, but most of the smaller scale features have been granualized and are commonly unrecognizable in the coarser resolution image.
Next, the radiometery is averaged to an eight-bit equivalent by dividing the pixel values by eight, producing an image with some of the same patterns, but as a result of this averaging, the histogram narrows to a half-width of only 2 DN [ Fig. 3(b) ]. This simulates an ETM+ image of the region in Fig. 1 , albeit at 10-m resolution. Much of the spatial pattern is retained, but subtle details are lost. The enhancements of each image are not identical, but used to show the maximum variation in DN.
Finally, to simulate how a second independent image of the same area might look, an image of 1 DN random noise is produced and added to Fig. 3(a) and (b) to produce Fig. 3(c) and (d), respectively. This value of sensor noise is appropriate for both ALI and ETM+. In the case of the ALI-simulated images [ Fig. 3(a) and (c)], the added noise only has a minor effect, while it greatly affects the eight-bit images [ Fig. 3(b) and (d) ]. This controlled visual example illustrates how the increased SNR of ALI impacts the ability to see spatial patterns that are known to originate with the presence of sastrugi. With eight-bit radiometry, it is impossible to expect the spatial variations of the surface reflectance caused by sastrugi to be recognizable in repeat imagery.
Examination of an actual ETM+ image and the ALI images of Fig. 2 bears out this analysis. An ETM+ image, collected on January 17, 2000, includes a clear view of the ridge studied here. Samples of the ridge with areas ranging from 100 pixels 100 pixels to 200 pixels 200 pixels had Gaussian distributions with half-widths of 1.4 0.1 DN. By contrast, similarly sized areas of the ridge in the three ALI images of Fig. 2 had half-widths ranging from 7.7 14.7 DN.
B. Correlation of Sastrugi Fields
The two October ALI images provide a suitable data pair to examine whether the potential to recognize the same pattern of sastrugi with imagery of improved radiometric resolution is achievable. The image data were fed to cross-correlation software that has been used extensively to identify and track the displacement of features on ice sheets [2] . The user specifies sizes for a reference chip, a search chip, and a grid spacing. Each parameter is taken as the side dimension of a square. At each gridpoint defined by this grid spacing, the software calculates the cross correlations of the reference chip from one image with equally sized subsets of the search chip. Thus, at each gridpoint, there is an array of cross-correlation values defined at the positions of the reference chip's center within the search chip. This array can be considered in three dimensions as a cross-correlation surface. The software identifies the location of the correlation maximum (measured in pixel units as the two-dimensional offsets, or lags, from the center of the reference chip) and the strength of the correlation. The strength parameter is a combination of the height of the maximum peak of the surface, the difference between the highest and second-highest peaks, and the height of the peak to the background level of the surface. Correlation surfaces without strong peaks return a correlation value of zero and no offset values. Offsets can be used to either coregister images or to measure the displacements of small features in images already coregistered [3] .
Use of this software here examines the calculated correlation strength and the spatial consistency of the calculated offsets. The software limits the sizes of the reference and search chips to 16, 32, 64, 128, or 256 pixels, with the search chip always larger than the reference chip. To avoid partial search chips, the first gridpoint occurs at the center of the first search chip. The grid spacing is 25 pixels. The strongest correlation between the October images occurs for reference and search chip sizes of 32 and 64, respectively. This puts the centers of the grid 32 pixels in from the upper left corner of the image and every 25 pixels to the right and downward.
Not only were strong correlations found in the ice stream, the type of region where this software has repeatedly been applied, but correlation strengths also are moderately high across most of the sastrugi-covered ridge [ Fig. 4(a) ]. Correlations on the ridge did not rely on identifiable features because such features are extremely rare. More often, these correlation peaks were based on the pattern of lighter and darker pixels where no identifiable feature could be seen. Two areas of low correlation strength occur. One [labeled "A" in Fig. 4(a) ] is at the edge of the ice stream. Our experience applying this software to ice streams suggests this low correlation strength is a result of the high shear strains that take place at the very edge of ice streams [4] , [5] . High shear strains alter the pattern of crevasses so quickly that even over 16 days, the pattern is difficult or impossible to recognize. Similar cross-correlation packages that can account for shear have confirmed this explanation [6] .
The second area of low-correlation strength [labeled "B" in Fig. 4(a) ] is the lower edge of the wind-altered region in the October 18 image (Fig. 2) . Here, the low-correlation strength serves as a check of our method. A strong correlation is not expected where one image has a step change in reflectance and the other image does not. The search chip was large enough that even in the vicinity of this edge there were portions of the correlation surface where the edge was not included, yet no suitably high correlation peak was found.
A final stringent test of the robustness of this result is provided by the calculated offsets [ Fig. 4(b) and (d) ]. From application of this software to moving ice where features are discernable, the precision of the displacements is typically 0.2 pixels [2] . The consistency of the offsets here is a fraction of a pixel. This illustrates both that the precision is at a subpixel level and that the correlations are not random, but caused by a persistent pattern of pixel brightnesses. The negative values of and positive values of in the ice stream confirm the faster motion in the ice stream from upper right to lower left. On the ridge, values of and are less than one pixel. The bimodal distribution of values on the ridge suggests the images are misregistered with a slight rotation about the single coregistration point midway along the ice stream edge. This simple registration assumed the orbit tracks of each image were parallel.
C. Persistence of Sastrugi Fields
The utility of sastrugi field recognition is greatly increased if the sastrugi fields persist in some recognizable form for a time interval long enough that their motion can be measured. This is tested by correlating the February 20 image with the October 2 image (an interval of 7.5 months). This interval includes the polar fall and winter, where weather is more extreme than during the summer, and substantial modification to the sastrugi can be expected.
The initial correlation between these two images with the preferred parameters used between the two October images produced discouragingly low correlations. However, by increasing the size of the reference chip to 128 pixels, the search chip to 256 pixels, and retaining a grid spacing of 25 pixels, the results were greatly improved. Here, the first gridpoint occurs 128 pixels in from the upper left corner. The correlation strengths [ Fig. 5(a) ] are reduced from the October pair, but are still significant. Equally encouraging, are the offsets [ Fig. 5(b) and (c) ] that show the correlation is spatially coherent.
As before, the strongest correlations are in the ice stream, where identifiable crevasse features abound, and the expected motion (to the left and downward) is confirmed. On the ridge, the lower half of the image is well populated by correlation strengths well above zero. The sense of the offsets is to the right with very little motion up or down. This offset is a relative measure and is likely the result of leftward motion for the feature just inside the ice stream edge used for the coregistration. On the half of the ridge closest to the ice stream, unsuccessful or weak correlations were more common. It is possible that this result expresses a modification of sastrugi so severe between February and October that the pixel pattern can no longer be correlated. The position of the wind-altered patch in the October 20 image supports the view that this region is subject to relatively windier conditions than the region where correlations were stronger.
The need for larger search and reference chips to achieve an improved correlation is an interesting result. When larger chips were applied to the 16-day October image pair, the correlations were not improved. It is likely that the sastrugi were modified more in 7.5 months than during 16 days. It is reasonable to conclude that the more the sastrugi are modified, the larger the search and reference chips must be to establish a clearer background level so as to resolve a peak in the correlation surface. Other parameters to consider are the sensitivities of the brightness pattern to variations in sun azimuth and elevation. While the shading of sastrugi will change with sun azimuth, the sides of sastrugi usually are not steep enough to cast large shadows except for very low sun elevations. The trio of images studied here is not sufficient to study this effect; however, it is worth noting that the sun azimuth difference is nearly zero in the October image pair and 6.3 different in the February-October image pair. On the other hand, the sun elevation difference is nearly identical between the October image pair and the February-October image pair.
D. Confirmation of Pixel Pattern as Correlated Pattern
A final test was performed to remove the possibility that the February-October correlation results were based more on subtle large-scale topographic variations that contribute to sastrugi generation, than on the sastrugi patterns on the scale of a few pixels. By smoothing the February 20 and October 2 images with a 63 63 moving average, all high-frequency variations in the image are removed (Fig. 6 ). These smoothed images show that an extremely subtle topography at a longer wavelength scale exists.
These smoothed images correlate, but not with the same pattern of correlation strength and offsets as when the pixel-scale pattern was included (Fig. 7) . The pattern of Fig. 7(a) is radically different from that of Fig. 5(a) , and the magnitudes are much lower. Additionally, the offset patterns of Fig. 7(b) and (c) are very different from Fig. 5(b) and (c) and with magnitudes that are much larger and more spatially variable. This test confirms that the correlations found prior to the smoothing were based on the high-frequency information in the images.
IV. CONCLUSION
Sufficient radiometric resolution, such as provided by ALI, makes it possible to recognize and track fields of sastrugi even though individual sastrugi cannot be resolved. This leads to a tracking technique very much like speckle-tracking with radar imagery [7] ; however, with radar the scatters can be beneath the surface as well as on the surface. Optical imagery is not sensitive to subsurface conditions, so the requirements are more stringent.
The finding that some sastrugi are persistent enough in this test area to produce a recognizable pattern of lighter and darker pixels in images separated by many months is surprising, yet the tests performed here confirm this as fact. This study also was able to demonstrate that neither the variation of sun angle and azimuth nor the presence of regions of slightly altered surface reflectance prevented correlation. Further testing of the persistence and recognition of sastrugi fields in other locations and for a wider variation of illumination and surface conditions is required before this result can be considered a robust tool for measuring surface motion of ice sheets.
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